The B-cell response in atherosclerosis is directed toward oxidationspecific epitopes such as phosphorylcholine (PC) that arise during disease-driven oxidation of self-antigens. PC-bearing antigens have been used to induce atheroprotective antibodies against modified low-density lipoproteins (oxLDL), leading to plaque reduction. Previous studies have found that B-cell transfer from aged atherosclerotic mice confers protection to young mice, but the mechanism is unknown. Here, we dissected the atheroprotective response in the spleen and found an ongoing germinal center reaction, accumulation of antibody-forming cells, and inflammasome activation in apolipoprotein E-deficient mice (Apoe
−/−
). Specific B-cell clone expansion involved the heavy chain variable region (Vh) 5 and Vh7 B-cell receptor families that harbor anti-PC reactivity. oxLDL also accumulated in the spleen. To investigate whether protection could be induced by self-antigens alone, we injected apoptotic cells that carry the same oxidation-specific epitopes as oxLDL. This treatment reduced serum cholesterol and inhibited the development of atherosclerosis in a B-cell-dependent manner. Thus, we conclude that the spleen harbors a protective B-cell response that is initiated in atherosclerosis through sterile inflammation. These data highlight the importance of the spleen in atherosclerosis-associated immunity.
B cells | atherosclerosis | inflammasome O ur immune system has evolved to mediate protection against infections while maintaining homeostasis, including clearance of cellular debris and tissue repair. However, when unbalanced, the immune system is also involved in chronic inflammatory diseases such as atherosclerosis, and immune cells have long been known to be present in the atherosclerotic lesion (1, 2) . The immune activation in lesions has therefore been intensively studied, and activated leukocytes such as T cells and macrophages found at this site have been determined to be involved in disease progression (3) . The role of B cells in the plaque is less studied, but antibodies against oxidized low-density lipoprotein (oxLDL), as well as B cells, are found in plaques in both humans and mice (2, (4) (5) (6) (7) (8) (9) , and experimental studies show both atheroprotective and proatherosclerotic effects of B-cell populations (10) (11) (12) (13) (14) .
Accumulation of cholesterol in the vessel wall leads to the generation of oxLDL, which drives vascular inflammation in a process that is thought to be important in the initiation of atherosclerosis (15) . Modification of the accumulated lipids occurs through oxidative processes mediated in part by macrophages. The oxidation-specific epitopes that thereby arise from "modified self" can also be found on apoptotic cells, and antibodies against oxLDL are known to bind dying cells (16) . An important sensor of modified self is the inflammasome, a cytoplasmic multiprotein complex that forms in response to inflammation. Of relevance for atherosclerosis, the NALP3 inflammasome can be activated by cholesterol crystals, resulting in activation of caspase-1, an enzyme that processes proinflammatory cytokines including IL-1 and IL-18 to their active forms (17) (18) (19) . As this type of immune activation is not related to infection, it is referred to as sterile inflammation and is involved in the pathogenesis of a number of diseases (20) .
Pattern recognition of oxidation-specific epitopes includes scavenger receptors cloned for their ability to bind oxLDL and germline-encoded antibodies produced by innate-type B cells. In this pool of antibodies, there are monospecific, as well as polyreactive, antibodies that bind multiple unrelated antigens. Among the monospecific inherited antibodies, one recombination event gives rise to an antibody recognizing phosphorylcholine (PC), named T15 (identical to the E06 antibody) (21, 22) This antibody, together with other antibodies to PC and modified LDL, has been associated with protection from atherosclerosis (23) (24) (25) (26) (27) (28) .
In mice and humans, the B1 cells (B1a and B1b) have been shown to be the main producers of natural antibodies at steady state and are found in the peritoneum, spleen, and bone marrow (29) . The spleen is the major B2 B-cell reservoir, which harbors follicular B cells (FOB) and marginal zone B cells (MZB). MZB are innate-like cells that have been shown to be able to contribute to the anti-PC response to Streptococcus pneumoniae through a clone enriched in this population (M167), which binds to oxidation-specific epitopes in a similar manner to T15 (30, 31) . In the marginal zone of the spleen, the MZB are in close contact with marginal zone macrophages (MZM) that express specific receptors, including the oxLDL-binding class A scavenger receptor macrophage receptor with collagenous structure (MARCO) (32) .
In atherosclerosis, splenocyte transfer experiments from aged Apoe −/− to young splenectomized Apoe −/− mice show that the spleen confers an atheroprotective effect and that this is
Significance
In this study we investigate the origin of the protective B-cell response in the spleen in atherosclerosis. We find an ongoing B-cell activation with production of antibodies against oxidationspecific epitopes. In addition, this response can be accelerated using apoptotic cells alone that reduce lesion development and serum cholesterol in a B-cell-dependent manner. This study pinpoints the spleen as an important organ for atherosclerosisassociated immunity and provides novel pathways to use for treatment. mediated by B cells (10) . Experiments in which B-cell-deficient LDLr −/− mice develop a more severe disease than B-cell-sufficient mice have further demonstrated a protective role for B cells (12) . Removal of the spleen has been shown to deplete B1a cells from the peritoneum, and it was recently shown that transfer of these cells has an atheroprotective effect in splenectomized mice (11, 33) , Thus, B1a cells have the ability to play an atheroprotective role in the absence of a spleen and as producers of natural T15 antibodies (11, 16, 26) . However, MZB are also missing after splenectomy, and so far, dissection of B cells in the spleen of atherosclerotic Apoe −/− mice has not been done. We therefore set out to characterize the protective splenic B-cell response. Because cells of the marginal zone express an array of specific receptors for modified self-antigens, we hypothesized that an immune activation in this region could be the origin of the protective B-cell response in atherosclerosis. This would be in line with our previous data showing that apoptotic cells, carrying oxidation-specific epitopes (16) , are trapped in the marginal zone (34) . Because oxidation-specific epitope-bearing antigens give rise to antibodies binding oxLDL (25, 35) , we also investigated the effects of immunization with apoptotic cells on atherosclerosis development, focusing on subpopulations of splenic B cells.
Our results show that hyperlipidemia associated with atherosclerosis by itself activates B cells in the spleen to produce large numbers of antibody-forming cells (AFC) secreting antibodies against oxidation-specific epitopes. We also find lipid accumulation and inflammasome activation in phagocytes that could drive this B-cell activation. Finally, we show that we can accelerate the protective response by administration of apoptotic cells, which results in reduced lesion size and cholesterol drop in serum.
Results B-Cell Activation and Population Dynamics During Atherogenesis. To explore the effect that hyperlipidemia has on B cells in the spleen, young (6-8 wk) and old (21-22 wk) Apoe −/− mice and age-matched wild-type C57BL/6 (WT) mice were investigated for B-cell precursors [transitional type 1 (T1) and type 2 (T2)] and naive B-cell populations (B1a, MZB, and FOB) (Fig. 1) . The bone marrow-derived T1 precursors decreased with age in both strains, but to a significantly lesser extent in Apoe −/− mice compared with in WT mice (Fig. 1A) . The T2 stage, where selection into FOB and MZB pools takes place, also showed a decrease with age that was more pronounced in the Apoe −/− strain (Fig. 1A) . Contrasting the decrease in precursors, we found a significant increase of the MZB population with age in both strains. This increase was much more pronounced in old Apoe −/− compared with WT mice, in line with previously published data (36) . Only modest relative changes were seen in the FOB population in Apoe −/− and WT mice, whereas the B1a compartment was decreased in the spleen of both WT and Apoe −/− mice (Fig. 1B) . Investigating B1a and B1b cells in the peritoneal cavity, we found an increase in WT but no significant change in Apoe −/− mice, showing that the reduction in B1 cells was not general (Fig.  S1 ). The relative decrease seen in B-cell precursors is in line with previous data showing that decreased output from the bone marrow in older mice is accompanied by increased activation and proliferation in the peripheral B-cell compartment, in part compensating for the decreased output (37). Next we determined whether there was any evidence for B-cell activation other than the changes in naive populations. After activation, B cells can become IL-10-producing cells (B10) before differentiating further to AFC (38) . As these cells have been shown to suppress inflammation in models of chronic inflammatory diseases, we investigated whether they accumulated in the spleen of Apoe −/− mice. To our surprise, B cells were less prone to produce IL-10 in young as well as old Apoe −/− mice compared with WT mice. The frequency of B10 cells significantly decreased with age, suggesting this population was not responsible for B-cell-dependent disease protection in previously published B-cell transfers (Fig. 1C ).
There was a significant increase in germinal center B cells (GC) as well as AFC, implying an ongoing B-cell activation in aging mice. The GC and AFC populations were larger in old mice compared with younger mice in both strains, and there was a significant increase in Apoe −/− mice compared with WT mice ( Fig. 1 D and F) . The GC and extrafollicular AFC foci were further confirmed by histology (Fig. 1 E and G) . Thus, we found a striking expansion of the innate MZB subset as well as an ongoing adaptive B-cell activation in Apoe −/− mice, with antibodies being produced by AFC residing in the red pulp of the spleen. Confocal images are representative of spleen images taken on sections from spleens of three (G, Left) to six (E and G, Right) mice. *P < 0.05, **P < 0.01, and ***P < 0.001 with a Mann-Whitney U test.
Selective Expansion and Activation of B-Cell Clones Reactive to PC and oxLDL. When mice and humans age, there is a reduced output of B cells from the bone marrow that is compensated for by peripheral expansion, driven in part by environmental antigens (37) . Expanded B-cell populations in old Apoe −/− mice could therefore be a result of both age and disease, altering the selection and expansion of clones. To assess the clonal expansion of spleen B cells in aged Apoe −/− compared with WT mice, we performed spectratyping by amplifying the VDJ region of specific heavy chain variable region (Vh) families. In this assay, each peak represents clones with similar numbers of N-nucleotides. These clones are normally distributed in young, unimmunized WT mice. In both aged Apoe −/− and WT mice, we found changes in the B-cell pool with expansion of certain B-cell clones. This was true for the Vh1 family as well as for Vh3 and Vh9 ( Fig. 2A and Fig. S2 ). However, in the Vh5 (7183) and Vh7 (S107) families, specific clones were expanded in Apoe −/− compared with WT mice ( Fig. 2A) . These families are known to harbor the recombination combinations, giving rise to antibodies with anti-PC reactivity (22, 39, 40) . To further investigate whether the response in old Apoe −/− mice was skewed toward anti-PC reactivity, we used an anti-T15 idiotype antibody to assess the frequency of T15 + AFC in the spleen. A significantly larger number of AFC exhibited T15 reactivity in Apoe −/− compared with WT mice (Fig. 2B ). Furthermore, this specificity was significantly increased with age in Apoe −/− , but not in WT, mice (Fig. 2B) . The anti-PC response was confirmed by ELISA, showing enhanced anti-PC IgM and IgG responses in young and old Apoe −/− mice compared with WT mice. In addition, anti-PC IgM levels increased with age in both strains (Fig. 2C) . Because anti-PC antibodies recognize oxLDL, antibody levels were also measured using this antigen. A similar pattern was observed, with both young and old Apoe −/− mice displaying significantly higher IgM and IgG anti-oxLDL levels than WT mice (Fig. 2D) . Whereas IgM anti-oxLDL increased with age in both strains, IgG antibodies to oxLDL increased with age only in Apoe −/− mice (Fig. 2D ). In addition, we investigated the ability of the different subpopulations of B cells in the spleen to produce anti-PC antibodies by sorting MZB and FOB from Apoe −/− mice with subsequent stimulation in vitro (Fig. S3A ). We found that MZB had a relatively higher anti-PC reactivity compared with FOB, using sorted peritoneal B1a cells as control. We then further addressed the question of the ability of MZB to confer the protection by transferring sorted MZB or FOB from old to young Apoe −/− mice. At 10 wk posttransfer, a trend could be seen in the MZB-transferred group toward an increase in anti-PC IgG antibodies (Fig. S3B ). This could not be seen in the FOB-transferred group. Collectively, these data show that the response increased with age and disease development in Apoe −/− mice and skewed the aging B-cell pool, including enrichment for MZB harboring an inherited ability for anti-PC production.
Lipid Uptake in Spleen Cells Is Associated with Inflammasome
Activation. Because we found evidence for anti-PC reactivity in spleens of aged Apoe −/− mice, we investigated the presence of lipid accumulation, which could provide antigen for a specific B-cell activation and drive the response. Interestingly, hyperlipidemia led to lipid accumulation in the spleen of Apoe −/− mice, with significant intracellular lipid accumulation in macrophages (Fig. 3A) . Lipid accumulation has been shown to give rise to cholesterol crystals in macrophages (17) , and using reflection microscopy, we also found evidence for occurrence of these crystals in the spleen (Fig. S4) (Fig. 3B) . The marginal zone is the interface between the spleen and the circulation, and its two major cell populations, MZM and MZB, both express scavenger receptors (41) . We speculated that these cells may mediate lipid uptake in the spleen and tested this possibility after the accumulation of FITC-labeled oxLDL after i.v. injection. At 30 min postinjection, oxLDL was localized to the marginal zone of the spleen both within scavenger receptor MARCO + MZM (Fig.  3C ) and through binding to MZB, as determined by flow cytometry (Fig. 3D) . Although FOB showed some binding to oxLDL, we could not detect any oxLDL bound to B1a cells in the spleen. To investigate whether lipids taken up in the spleen were responsible for the observed inflammasome activation, we injected oxLDL and measured caspase-1 activity. We also investigated the effects of injecting syngeneic apoptotic cells that are known to target the marginal zone of the spleen (34). Either oxLDL or apoptotic cell injections lead to caspase-1 activation (Fig. 3E ). In addition, both antigens separately recruited neutrophils to the spleen, a sign of local inflammation (Fig. 3F) . Thus, lipids accumulating in the spleen of old Apoe −/− mice can promote inflammasome activation, explaining the ongoing B-cell response. In addition, either oxLDL or apoptotic cells carrying oxidation-specific epitopes can be recognized and taken up in the marginal zone of the spleen and result in inflammasome activation.
Apoptotic Cell Injections Protect Against Lesion Development and
Lower Cholesterol in a B-Cell-Dependent Manner. It has previously been shown that injection of foreign antigens carrying oxidationspecific epitopes gives rise to an anti-PC response that reduces atherosclerosis (25) . Here, we wanted to test whether the inflammasome-driven sterile inflammation in the marginal zone of the spleen could enhance a B-cell response toward oxidation-specific epitopes similar to that seen in atherosclerotic Apoe −/− mice. Syngeneic apoptotic cells were injected in WT and Apoe −/− mice six times during disease development i.v. in an attempt to enhance the B-cell response in the spleen (Fig. 4A ). Blood samples were taken throughout the experiment, and at 17 weeks of age, the mice were evaluated for disease development. This treatment had a profound positive disease-preventing effect in Apoe −/− mice and resulted in significantly reduced lesions compared with control Apoe −/− mice, both in the aortic root (Fig. 4 B and C) and in en face preparations of the thoracic aorta (Fig. 4D) . Apoptotic cell injections also significantly lowered cholesterol levels both in Apoe −/− and WT mice (Fig. 4E) . To investigate whether this effect was B-cell-dependent, we injected apoptotic cells into B-cell-deficient μMTApoe −/− mice. The drop in cholesterol could not be seen in μMTApoe −/− mice, implying that this effect of apoptotic cells was B-cell-dependent. In addition, cholesterol levels were higher in B-cell-deficient Apoe −/− mice after four injections of apoptotic cells (Fig. 4E) . Analysis of atherosclerotic lesions in en face preparations of the thoracic aorta of μMTApoe −/− mice did not show any change after injection of apoptotic cells, implying that B cells were required to elicit an atheroprotective effect induced by these PC-containing antigens (Fig. 4F) .
The Atheroprotective B-Cell Response Induced by Apoptotic Cells Is Similar to That Seen in Aged Apoe
−/− Mice. We next investigated B-cell populations and activation in mice injected with apoptotic cells. The MZB cell population was increased in Apoe −/− compared with WT mice, but was not affected by apoptotic cell injections (Fig. 5A ). In addition, apoptotic cells showed no effect on the peritoneal B1 populations (Fig. S5) . In contrast, germinal centers as well as AFC were increased in both groups of mice after apoptotic cell injections (Fig. 5B) . Apoe −/− mice had more GC B cells and AFC compared with WT mice, both before and after treatment. When investigating AFC specificity, we found an increase in the proportion of T15
+ AFC after apoptotic cell injections (Fig. 5C ) concomitant with increased titers of antioxLDL antibodies (Fig. 5D) . To further investigate whether the antibody response to apoptotic cells was dependent on inflammasome activation, we injected NOD-like receptor family, pyrin domain containing 3 (nlrp3)-deficient mice four times with apoptotic cells and studied the anti-PC response. In naive mice, the percentage of MZB was reduced in the spleen of nlrp3 −/− , whereas no difference was seen in the FOB or B1a compartment (Fig. S6A) . After injections of apoptotic cells, both the anti-PC IgM and IgG response was NALP3-dependent, as no significant induction was seen in nlrp3-deficient mice (Fig. S6B) . To further link caspase-1 activation to this B-cell phenotype, we injected the inflammasome-derived cytokine IL-18 into CD19-deficient mice that lack MZB and B1 cells. In line with the data in the nlrp3 −/− , IL-18 injections gave rise to MZB and B1a expansion in the spleen (Fig. S6C) , whereas no expansion of FOB or peritoneal B1a was seen.
Thus, administration of apoptotic cells gives rise to an oxidation-specific antibody response in the spleen, including anti-PC, and this response lowers cholesterol levels and inhibits atherosclerosis development. Together, these data show that a splenic sterile inflammatory response gives rise to activation of a protective B-cell response in the spleen that has beneficial effects on lipid levels as well as lesion development. They also pinpoint the , or WT mice compared with uninjected (−) age-matched controls at indicated days after the first injection (E). Median (Left and Middle) or mean (Right) and individual mice (n = 6-10) are plotted. Data shown from one experiment in which n = 5-8 (B and C), a separate experiment in which n = 7 (D), representative of 2 experiments in which n = 6-10 (E), pooled from two and representative of three experiments in which n = 3-9 (μMTApoe −/− in E) or pooled from three experiments (F). *P < 0.05 and **P < 0.01 by a Mann-Whitney
spleen as an important organ for studies on immune activation in atherosclerosis.
Discussion
Several studies point to an important atheroprotective role of humoral immunity. We now show that an immune response develops in the spleen of hypercholesterolemic Apoe −/− mice, with uptake of oxLDL in the marginal zone and increased numbers of GC B cells and AFC. This response involves clonal expansion of the Vh5 and Vh7 BCR families known to harbor anti-PC reactivity. Intravenous injections of apoptotic cells carrying oxidized surface PC attenuates hypercholesterolemia and reduces atherosclerosis in a B-cell-dependent process. These data show that atheroprotective immunity is elicited by oxidation-specific epitopes generated in hypercholesterolemia and identify spleen B cells as important mediators of this response.
We hypothesized that the increased and skewed B-cell activation in Apoe −/− mice could be a result of chronic stimulation and selection driven by lipid accumulation in the spleen. This would be in line with previous data showing lipid accumulation in the spleens of LDLr −/− transferred with ABCA1/ABCG1 double-deficient bone marrow (42) . Indeed, we found evidence for lipid accumulation in the spleen of Apoe −/− mice, where it could be driving sterile inflammation. A sensor of sterile inflammation, the NALP3 inflammasome, has been shown to be activated by cholesterol crystals leading to caspase-1 (17) . We found evidence for activation of this pathway with increased caspase-1 activation in Apoe −/− mice compared with WT, indicating that increased inflammasome activation was connected to disease progression. Systemic administration of oxLDL and apoptotic cells leads to caspase-1 activation in the spleen, and apoptotic cells failed to induce an anti-PC antibody response in the absence of NALP3. Together, these data suggested that lipid accumulation including crystal formation provided activatory signals as well as antigen that skewed the B-cell pool and selection of clones in Apoe −/− mice. We further showed that apoptotic cell injections induced a B-cell-dependent reduction of atherosclerotic lesions and systemic cholesterol levels. This protective response coincided with an increase in anti-oxLDL antibodies. Vaccination strategies using S. pneumoniae, MDA-LDL, and PC, all giving rise to an anti-PC response, as well as passive immunization using anti-PC antibodies, have all been shown to reduce plaque formation. We show here that self-antigens in the absence of adjuvant also could provide this protection. The beneficial effect of IgM antibodies is believed to be a result of several effector functions (reviewed in ref. 43 ). These include blocking uptake of oxLDL, inhibition of foam cell activation, sequestering of oxLDL from the plaque, and finally, aiding in clearing apoptotic cells in the plaque itself.
The lesion decrease in Apoe −/− mice injected with apoptotic cells was further accompanied by the same phenotype of spleen B-cell subpopulations as seen in aging Apoe −/− mice, suggesting that the protection was mediated through spleen B cells. The question remains: Which B-cell populations in the spleen are recruited to the AFC pool? It has been convincingly shown that B1a cells have the ability to produce natural IgM that can protect from atherosclerosis (26) . In particular, B1a cells are the main producers of the anti-PC T15 idiotype (44) . In the recent publication by Kyaw et al., transfer of B1a cells from peritoneal cavity has a protective effect on plaque development in splenectomized mice lacking this subset (11) . We found that peritoneal B1 expanded with age in WT and Apoe −/− mice, which might also support a role for B1a in this model. However, even though splenectomy decreases B1a cells in the peritoneum, it also removes the marginal zone that is the niche needed for development of MZB (33) . In addition, B1a cells are generally rare in the spleen, and we did not see an increased proportion of B1a cells with age in Apoe −/− mice, nor following the injection of apoptotic cells. Therefore, the protective effect carried by peritoneal B1a cells or by spleen B1a cells after immunization does not explain the protective effect seen when transferring total spleen B cells (10) .
Other subpopulations of B cells could be contributing to the lipid accumulation-driven protective response seen in old Apoe −/− mice. Of interest, S. pneumoniae administered i.v. recruits not only B1a but also MZB to the early burst in IgM-producing plasma cells (31) . This is in contrast with low-dose i.p. immunization, in which the response is almost exclusively derived from B1a cells. Because oxLDL is found in the circulation of hypercholesterolemic mice, and we here found that MZB are expanded in Apoe −/− mice and directly bound to oxLDL, these cells could be activated to produce plasmablasts toward modified self. In addition, it has been shown that the MZB contribution to the anti-PC response to S. pneumoniae is proportional to the frequency of anti-PC clones present in the preimmune repertoire (31) . Although B1a and MZB have previously been compared in WT mice for their capacity to produce anti-PC antibodies (26), this had not been done in Apoe −/− mice. Our data showed that all three subtypes could produce anti-PC IgM, with the most efficient producer being peritoneal B1a cells, followed by MZB and, to a lesser extent, FOB. We further addressed the ability of precursors to give rise to the response by transferring sorted MZB and FOB from old to young Apoe −/− mice. In the MZB-transferred group, a trend toward an increase in anti-PC IgG could be seen, whereas no increase was seen in the FOB-transferred group. Because injections of the inflammasome-derived cytokine IL-18 also gave rise to MZB and splenic B1a, but not peritoneal B1 cells, it is likely that sterile inflammation leads to an activation of splenic innate B cells, which in turn leads to a protective anti-PC response. Even though our data point toward involvement of MZB in the protective response, we cannot exclude contribution of, especially, B1a cells in the spleen and believe that the response is likely a collaborative B-cell effort.
Lately, the view that B cells have a protective role in atherosclerosis has been challenged somewhat by B2 B-cell transfers to lymphocyte-deficient Apoe −/− mice showing worsening of disease, as well as by the atheroprotective effect mediated by anti-CD20 B-cell depletion (13, 14) . These, at first glance contradictory, results from anti-CD20 depletion of B cells might shed some light on different roles for different B-cell populations in atherosclerosis. Anti-CD20 depletion leads to a pronounced reduction in IgG antioxLDL antibodies, as well as a reduction of T-cell activation. However, IgM anti-oxLDL levels are less reduced, which is consistent with the fact that peritoneal B1a cells are less efficiently depleted by anti-CD20 therapy (45) . There is also some evidence that MZB might not be as efficiently depleted by anti-CD20 therapy (46) . These data suggest that FOB, which more readily switch to IgG and participate in T-cell-dependent responses, might be proatherogenic, whereas the atheroprotective effect lies within the B1a cell and possibly MZB populations.
In conclusion, we found that the protective effect seen in transfer experiments from old Apoe −/− mice was a result of the transfer of a large number of plasma cells producing antibodies toward oxidation-specific epitopes. In addition, systemic administration of apoptotic cells carrying oxidation-specific epitopes induced the atheroprotective response in the spleen. The drop in lesion size was paralleled by a decrease of serum cholesterol levels, and both effects were shown to be B-cell-dependent. These findings pinpoint the spleen as an important source of immune activation in atherosclerosis and are in line with what has been described in previous publications linking splenectomy in humans with cholesterol and/or heart disease (47, 48) . We believe that the link between the spleen and cardiovascular disease will be important for future research in connection to the activation of T cells known to be important for atherosclerosis development. Lipoprotein Preparations. LDL (d = 1.019-1.063 g/mL) was isolated by ultracentrifugation from pooled plasma of healthy donors, as described (49), and 2 mM benzamidine, 0.5 mM PMSF, and 0.1 U/mL aprotinin were added immediately after the plasma was prepared. After isolation, LDL was dialyzed extensively against PBS. One millimole EDTA was added to an aliquot of LDL to generate unmodified LDL. Oxidized LDL was obtained by incubating 1 mL LDL (1 mg/mL protein content, determined by Bradford assay; Biorad) in the presence of 20 μM CuSO 4 for 18 h at 37°C. The extent of oxidation was evaluated by thiobarbituric acid-reactive substances (TBARS), as described (50) .
Preparation of FITC-Labeled LDL. LDL was labeled as previously described (51) . Briefly, LDL (1.5-2 mg/mL) was dialyzed overnight against 500 mmol/L NaHCO 3 at pH 9.5. Next, 100 μg FITC (Sigma-Aldrich) dissolved in DMSO (1 mg/mL) was added for each milligram of LDL and incubated at room temperature for 2 h. After incubation, conjugates were separated from the free fluorochrome by filtration on a PD 10 column (GE Healthcare Life Sciences) using PBS for elution. FITC concentration in LDL preparations was measured by absorption spectroscopy against FITC standard at 495 nm. Protein concentration was determined by Bradford assay (BioRad).
Immunizations and Cell Culture. Apoptosis in thymocytes was induced by dexamethasone treatment for 6 h, after which cells were washed twice in PBS.
Mice were immunized i.v. with 10 7 syngeneic apoptotic thymocytes without adjuvant first 4 times weekly and then every third week to maintain autoantibody titers (52) . One hundred micrograms FITC-labeled oxLDL was injected once, and localization of oxLDL was assessed after 30 min. B10 and B10 precursors were assessed as previously described (53) . Briefly, splenocytes were put in culture and stimulated with LPS for 48 h. During the last 5 h, PMA ionomycin and brefeldin A were added to the cultures. Unstimulated cells where only brefeldin A was added the last 5 h were used as controls. After stimulation, IL-10 producing B cells were investigated by flow cytometry.
Flow Cytometry. Splenocytes or peritoneal exudate in single-cell suspension were first blocked with purified anti-mouse CD16/32 (BD) to reduce unspecific binding and were stained with the LIVE/DEAD fixable stain kit (Invitrogen) to exclude dead cells. The cells were then stained with antibodies against mouse B220, CD1d, CD5, CD11c, CD11b, CD19, CD21, CD23, CD38, CD95, CD138, F4/80, GL7, IAb, IgM, Ly6C, Ly6G, TCRβ (BD, Biolegend), and fluorescently labeled streptavidin (BD, Biolegend). For intracellular staining of IgD, IgM, IgE, IgG1, IgG2, and IgG3, cells were fixed and permeabilized using Biolegend buffers according to manufacturer's instructions. The different subpopulations of B cells were defined according to Table S1 . Anti-T15 idiotype antibody was kindly provided by Chris Heusser (Novartis), and alexa647-conjugated according to manufacturer's instructions (Invitrogen). The active caspase-1-binding fluorescent probe FLICA was used according to manufacturer's instructions (ImmunoChemistry Technologies). Samples were analyzed on a FACSCalibur, FACSAria, or FACSFortessa (Becton Dickinson), using FlowJo software.
Histology. Spleens were frozen in OCT (Bio-Optica), cut to 8-μm sections in a cryostat microtome, fixed in acetone, blocked with biotin/avidin blocking kit (Vector Laboratories) and goat serum (Dako), and stained with anti-mouse B220 (RA3-6B2) (Biolegend), MARCO (ED31), and CD138 (281-2) antibodies (BD) and peanut agglutinin (PNA) (Vector Laboratories). For lipid staining, sections were blocked with goat serum and stained with the lipid dye Nile red (Sigma-Aldrich), together with an anti-F4/80 antibody (BM8) (Biolegend). Images were collected using a confocal laser scanning microscope (Leica TCS SP2, DMIRBE) equipped with one argon and two HeNe lasers and processed in Photoshop software (Adobe Systems).
ELISA. Serum antibodies were measured using standard ELISA techniques. Specific IgG and IgM antibodies against PC and oxLDL were captured with PC-BSA and oxLDL, as described previously. Anti-PC antibodies were detected with AP-conjugated secondary anti-mouse IgM and IgG, whereas anti-oxLDL antibodies were detected with biotinylated anti-mouse IgM and IgG, followed by streptavidin-HRP.
Lipid Measurement. Serum triglycerides and cholesterol levels were measured using enzymatic colorimetric kits (Randox Laboratory, Ltd.) according to the manufacturer's protocol.
Spectratyping. The B-cell repertoire of WT and Apoe −/− mice was assessed by spectratyping of VDJ regions of heavy chain families 1, 3, 5, 7, and 9 (Vh1,
